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Outline

* The corona and solar wind
* Predicting the solar wind using magnetic flux tube expansion factor
* The Wang-Sheeley-Arge (WSA) coronal and solar wind model

* Photospheric magnetic field observations - primary driver to coronal
& solar wind models

* Air Force Data Assimilative Photospheric Flux Transport (ADAPT)
model
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The Solar Magnetic Field

SOHO/LASCO

Helmet Streamer
(Magnetically Closed Region)

Solar Wind: f — ~ 1 C2 1997/05/01 00:43
(As R gets large)

Corona: f <<1 Coronal Hole
(Magnetically “Open” Region)
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Coronal Holes

Theoretical/Modeling Definition: Regions with magnetic fields
“open” to heliosphere.

Observation Definition: Regions of low emission in the solar corona.

MLSO-MK3

COI'OIlal HOle Caoronameter

SOHO/EIT

North is straight up Scaling: O to 6500

Coronal holes are important because they are a major source te
solar wind and thus help link the Sun-Heliosphere system
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What is the Ambient Solar Wind?

The ambient, or slowly varying, solar wind 1s hot
magnetized plasma that streams from magnetically open
(and possibly intermittently open) regions on the Sun such
as coronal holes.

Two Types:

Fast or high-speed wind comes primarily from large polar
coronal holes.

Slow wind comes from coronal holes boundaries, from
smaller mid- to low latitude coronal holes, and from the
vicinity of active regions.

(For more details see Holzer [2005], Neugebauer et al. [2002 & 1998], and Liewer et al. [2003])
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Radial Flow of the Solar Wind

O

< > VR
R.=6.96x105 km

Tg,, = 25.38 days = 2.192832x10° sec
Vi =2nR/Tg,, = 2.0 km/s
V=400 km/s (typical solar wind speed)

Vi >> V., = Solar wind flow from the Sun is primarily radial.
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The Solar Wind and the Interplanetary Magnetic Field
(Formation of the Parker Spiral)

Vl‘

(o o

Sun \

Solar Wind Parcel



Space Weather Bootcamp 2018 G v l‘Ns‘F

The Solar Wind and the Interplanetary Magnetic Field
(Formation of the Parker Spiral)
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The Solar Wind and the Interplanetary Magnetic Field
(Formation of the Parker Spiral)
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The Solar Wind and the Interplanetary Magnetic Field
(Formation of the Parker Spiral)
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The Solar Wind and the Interplanetary Magnetic Field
(Formation of the Parker Spiral)
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The Solar Wind and the Interplanetary Magnetic Field
(Formation of the Parker Spiral)
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The Solar Wind and the Interplanetary Magnetic Field
(Formation of the Parker Spiral)

~45°at Earth
(for 400km/s wind)

Magnetic Field Line

Because (1) the solar wind flows away from the Sun radially AND (2) the magnetic
field and solar wind plasma flow together (i.e., frozen in flux condition), (some)
magnetic field lines attached to the Sun are dragged out into space forming a spiral
pattern called the Parker Spiral.

B/r = BJo (trlo /v )12 ~rl-2
v-B=0 =

VX(VXB)=0 (Frozg:n in flux Blp = —Blo Qrlo 72 /
condition)

virr ~ rf-1



M, 5 =
@ o o

Space Weather Bootcamp 2018
Why the Ambient Solar Wind 1s Important?

Scientific Understanding:
- The source regions of the slow solar wind are still a matter of debate.
- The solar wind acceleration mechanism 1is not well understood.

Provides Global Context:

- Solar transients such as Coronal Mass Ejections (CMESs) propagate through the
ambient solar wind.

- Solar energetic particles (SEPs) flow along ambient wind magnetic fields.

- It is important in models seeking to simulate and explain real events to have a
sufficiently accurate description of the ambient corona and solar wind.

Space Weather:

High-speed solar wind streams are associated:

- Recurrent geomagnetic disturbances/storms.

- Increased high-energy electron fluences near Earth.

Geomagnetic Storms: Disturb the Earth’s upper atmosphere and this can affect
satellites, astronauts, and aircraft. They can disrupt communications (e.g., short wave
radio) and navigational systems. On the ground they can affect power grids, pipelines,
geological exploration, migratory animals, etc.
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Magnetic Flux Tube Expansion & the Solar Wind
(Brief Historical Background)

1. Large near-equatorial coronal holes associated with high-
speed solar wind streams (Nolte et al., 1976). %

=> Coronal hole = Open field region on Sun.

2. Levine, Altshuler, & Harvey (1977) mterpret correlation in
terms of flux tube expansion (f,).

f.=(Rg/R )*[B"(Ry)/B"(R,)] = rate at which a flux tube
expands between the photosphere and a spherical “source
surface” located (2-3 R) in the corona.

Central regions of large coronal holes — Small f
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Brief Historical Background Cont’d

3. Wang & Sheeley (1990) simulate the solar wind speed at Earth
for ~20 year period (1967-1988).

i) Test hypothesis that VV_ and f, are inversely correlated.

ii) Correlation between observed & simulated wind speed found.

600 SIMULATED WIND SPEED — Simulated speed

| R s S [t R RE R B

WIND SPEED (KM S7%)

300 | ] 1 1 | | 1 | | |
67 69 71 73 75 77 79 81 83 85 87 89

YEAR
Wang & Sheeley, ApJ, 355, 726, 1990.




Space Weather Bootcamp 2018
Brief Historical Background Cont’d

iii) Conclude: fast & slow solar wind originate from coronal holes.

Fast wind —— central regions of coronal holes (Small f)

Slow wind —— coronal hole boundaries (Large f,)

Fast wind
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Potential Field Source Surface (PFSS)
Model of thg

xxxxxxx

j=0
PHOTOSPHERE , .
=0 =B=-Vy
== T V-B=0
"SOURCE SURFACE’ AR 2
ZERO POTENTIAL AN V=0
SURFACE W\
| where,
\ \ L 0 N T T
| 5 3 [+ ur]
. . l 51//(”:‘9’¢) Alm Z+Blm (0 Ylm(ﬁ ¢)
Outward Directed Field i st et
___________ Inward Directed Field

Coefficients 4 m and B, are determined

from th 10
Schatten, Cosmic Electrodynamics, 2, 232, 1971 © ¢ boundary conditions
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Global Coronal Field: Observations & Extrapolations

Photospheric field extrapolation (MWO) White light (pB) data HAO/MLSO/MKk3

MLSO—MKZE Caronameter

23 images
17:17UT to 18:5Z2UT
North is straight up Scaling: O to 6500

Comparison of photospheric field extrapolations (left) to white light (pB) image (right)
indicate a degree of qualitative correlation between closed field lines and streamers
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Wang-Sheeley-Arge (WSA)*
Coronal & Solar Wind Model

% *(Origin of the Wang—Sheeley—Arge
& ‘!5 ’

solar wind model, Neil Sheeley, Geo-
sy /
S\\\‘\}'&\! ‘Il//%

and Space Science, 2017)
F
g

Solar Wind Models such as:

1) WSA 1D Kinematic
2) ENLIL

3) LFM-Helio

4) MS-FLUKSS

5) HAF

(5-30Rs to 1AU)

* Wang-Sheeley-Arge (WSA) model - combined empirical and physics based model of
the corona and solar wind.
* Improved version of the original Wang & Sheeley model developed at NRL.
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WSA Coronal Solution

T
109 139 169 199 209 259 289 319 349 19 49 79 10V 109 139 169 199 229 259 289 319 349 19 49 79 109
Carrington Longitude

Carrington Longitude 2093 Carrington Rotation Number 2092

2093 Carrington Ratation Number 2092 ,Sbllilf‘tell:
Cutrent Sheey

R _“lyl‘odc ““
Solar Wind Model
" (e.g., WSA 1D Kinematic model, Enlil,
MODEL - s &~ & LFM-Helio, MS-FLUKSS, & HAF)

MODEL INPUT: Observed . MODEL OUTPUT .
Photospheric Field = Field at Outer Coronal Boundary (5.0 R)) -

217 i s s s i 1y - 217 2/14 2411 2/ 2/5 22 1730 1j27 /24 -

w© s . 0 sa0 %

2 o 0 . § 4 000 =
'ﬁ 0, : Lé 1000 %:
E —10§ E % —1000 gE
- “® E £ - 3000 E
-390 -50 E F0 ! T T T T T T T T T T T -5000 E

.. EEEERENRI EEEEEEER _ p (5-3 ORS tO IAU)
: OUTPUT oINS
. Outer Coronal ( . | \\\ Souts€ Surface (2.5Rs) :
. . Boundary (5Rs) I : -
Predicted Solar Wind Speed (5.0 R)) Derived Coronal Holes (1.0 R) -
- 27 At 3t as a5 a2 s /27 i/ 217 2/14 2/ 2/ 25 2/ 1/30 127 12 -
n @ 750 et | 7500
| | | ]
= !; N 650"
e o4 B .
T L~ (f ) 2 550
= Vsolar wind f s’gb o %
" v &
"G o 450m
" g (Arge et al., JSTP, 2004) [ .
e 33 350m
: MODEL :
. %0 250 250m
. 09 139 1y 199 220 250 289 319 I 19 49 79 109 OUTPUT 100 139 163 199 229 259 289 319 B9 19 49 79 109 .
L] 2093 Carriﬁuzglgg?ontlatoig%ﬂhduember 2092 2093 C ,CulirlngtRontLgngmﬁde b 2092 -
fEEEEEEEEEEEEEEER i EEEEEEEEEEEEEEEEENEEEEEEEEEEEEEEENEEEEEEEEEEEENEEEEEEEEEEEEEEEEEEESR Hrﬁns %n. g U.|C.)|'|. HlTl. Er. [P R R E R R R R RN L)
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Empirical Relationships

Old: V() =285+ 650/(f)%° kms!

-

750

Where:

650

. = Magnetic field expansion factor. 550

Velocity (km/s)

0, = Minimum angular distance that an
open field footpoint lies from nearest

coronal hole boundary. >

250

1.0-0.8¢ ' 7/ |

)"

For

fixe

d f,

Bb (Degrees)
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Nation’s Operational Solar Wind/CME Forecast Model
(WSA-Enlil Model)

* The WSA+Enlil+Cone model: Advanced WSA-Enlil
coronal and solar wind model used to
forecast 3D solar wind out past Earth.

* Operational (Sep. 2011) at NOAA/NCEP & §
being evaluated by the AF 557th. :

« Community effort requiring coordinated,
long-term effort by AFRL, NOAA, & CISM.

2012-07-11 04:00:00
Plasma Density (cm-)
Earth 2

STEREO A

STEREO B

Plasma Density (r’Ncm-3)
= b  =a
j\

D

Radial Velocity (km/s)

Earth

STEREO A

STEREO B

Radial Velocity (km/s)
= N5
‘

* Uncertainty in CME arrival time
forecasts reduced by halfl

« Available for runs on demand at Solar Wind Model
NASA/CCMC.

First large-scale physics-based operational space weather model at NOAA!
Pizzo et al., Space Weather, 2011
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Diachronic (Traditional Carrington)
Photosphere Magnetic Field Maps

The global solar photospheric magnetic field distribution serves as primary input
to all coronal and solar wind models!

“Traditional” Carrington maps typically: Time

<
<«

02/06/33 01/23/93 01/13/33

* Remap line-of-sight full-disk magnetograms into
heliographic coordinates with the assumption that
the magnetic field is radial.

* Employ a “solid body” rotation rate of 27.2753d.
This blurs feature position & time as additional
images are included in the synoptic map.

» Weight the merged data to minimize the spatial
blurring. For example, cos?, to give more weight to e 5
the central meridian. : e w598 =

Lohgﬁﬁde

* Traditional Carrington Map Carrington rotation 1 starts from

* Time History of Central Meridian November 9, 1853.

* Diachronic — 27 day rotation period

e Most recent data on left
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Air Force Data Assimilative Photospheric
Flux Transport (ADAPT) Model

1. Evolves solar magnetic flux using well understood transport processes where
measurements are not available.

2. Updates modeled flux with new observations using data assimilation methods
- Rigorously takes into account model & observational uncertainties.

» Los Alamos 0°

NATIONAL LABORATORY

180° 360°

Sun’s surface magnetic field (movie length ~60 days)

Provides more realistic estimates of the instantaneous global photospheric magnetic
field distribution than those provided by traditional synoptic maps.
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ADAPT Flux Transport Model

Overview: The ADAPT flux transport model (Arge et al. 2010, 2011, 2013; Henney et al.
2012 & 2014; Hickman 2015, Lee et al. 2013; Linker et al. 2013) is based on Worden &
Harvey (2000), which accounts for known flows in the solar photosphere.

The modified Worden & Harvey (WH) model used in ADAPT includes:

(1) Differential rotation (2) Meridional flow

AN
&

(4) Random flux emergence
(5) Data assimilation of new observations (LANL)
(6) An ENSEMBLE of solutions representing the model parameter uncertainties
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Global Maps: Data Sources

2) Time & Spatial Averaged Polar:
monthly cadence with ~6 month gap

s | West
Limb

+90°
()
©
5 o
= 0 1) Remapped
S Magnetograph
7 5 ; L Data:
Near-side- Far-side WV EEIES Y ~10 min to 1-
‘ : == day

_900 3600 cadence

0° Longitude

New observation at time t
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Data Assimilation: Analysis

Analysis = X_=X. + w (y — H(X))
Weight = w =0/ (0 + 0 ?)
Example with 16 realizations (at time t ;)
+90

Far-side

Latitude
o

=2~ gy i T MR cETr e n T e Nearside.:
L E Ta=zs & = % 4 ~ e o T W g TRt S BT - e
_90 Tl 2 -.- . = ;.. = & .- P _:J.--_._. —-d- - .. : = -

0 Longitude 360
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The Inclination of the Sun’s Axis to the Ecliptic
Impacts Measurements of the Photospheric Field
The Sun’s rotational axis is inclined 7.25° to the ecliptic.

Earth .~ @
March _—""September

(North polar field ™o | (S
not observed)

(South polar field
not observed)

The Polar Magnetic Fields are NOT observed for extend periods of time.
Coronal models are very sensitive to the values of the polar fields!
(First non-zero term in multipole expansion of field is the Dipole.)
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Observed vs ADAPT Predicted Polar Fields

10

Mean Polar Field

Note: initial “seed
map” begins with the
best estimates of the-10
polar field strength,
with no additional

data for all future

time steps.

ADAPT (VSM, ver: test, nReal: 0-3; mCut: 15 G, rAmp: 2.0 G, var: 10.0; Merid S/N: -10/9 m/s)

70 to 90 degrees

(8}

U I T T T I T T T | T T T I T T T | T T T I T T T I T

~—  South

T I T T T I T Iul

e MWO: south upper
e MWO: north upper

realization-0

Time (Years)

- -- realization-1 - ldentical
L North - realization-2 _| model
o - realization-3 parameters
L | 1 1 1 | 1 1 1 I 1 1 1 | 1 1 1 I 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1
2004 2005 2006 2007 2008 2009 2010 2011 2012 2013
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ADAPT-VSM (Realizations 1-12)
(July 8, 2010)

s.fits

Photospheric Field Ma . .
07/11 07/08 07/95p 07/02 06/29 06/26 06/23 p 06/20 06/17 PredICted Vs ObSI SOIar Wlnd Speed

1)

80F o AVSM —— ACE
00 B

600 F

Solar Wind Speed at EARTH (kin/ s
g

300
L L L h
0620 06123 0626 06129 07/02 07105 o708 0711 07114
Date (2010)
0 %0 180 270 360 Created 2016 June 29 2247 UTC
Carrington Longitude
2098 Carrington Rotation Number 2097

Coronal Field Map (21.5Rs) ™ . .
07/11 o07/08 07/05 07/02 06/29 06/26 06/23 06/20 06/17 Predlcted VS Obs- IMF Polarlty

15 T T T T
E Wl o avsm  — ace
[53)
® 05 .
z
_E 00 4
I~
‘ E N AAA A |
E -0 4
k]
06/20 06/23 06/26 06729 07/02 07/05 07/08 711 0714
Date (2010)
L] % 5 &8 0, Created 2016 June 29 2236 UTC
Carrington Longitude
2098 Carrington Rotation Number 2097
Derived Coronal Holes STEREO A&B - SDO/AIA (EUV)
07/11 07/08 07/05 07/02 06/29 06/26 06/23 06/20 06/17

180
Carrington Longitude

Carrington Longitude

2098 Carrington Rotation Number 2097
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Incorporating Far-side Maps

Far-side detections are derived Fan |B| vs Far-Side Phase Shift
from helioseismic holography NSO Far-Side Map 008 IR y
) focal point S
Active S R i .
Region ¢ Map_ 11031700k, ' 771 0.00
‘ solar surface l‘, \', ," f _
; 0.05
§ N
Q1" | 1 >
] 1 -0.10
= 600 )
.'. :‘_. 1! & H . |- e
Lo i 0.15
'\ \\\ . Fimids | _f / . Earthsic (Gonzalez-Hernandez
T T o et al., 2007)
0.20L
NSO/GONG March 17, 2011 : 0 00 1000

|B| (Gauss)

Far-side data assimilation requires a realistic estimation of the:
1. magnetic field strength & uncertainty
cbesrver 2. position & uncertainty

3. simple polarity & tilt estimations (i.e., Hale’s law & Joy’s Law,
other approaches)

A “far-side ensemble” can be generated from these 3
factors.

Lindsey &
Braun 2000 j
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ADAPT-VSM-Far-Side (Realization-7)

(July 8, 2010)

Photospheric Field Ma ) .
07/11 07/68 07/05 (?/OZ 06/29 06/26 06/23 aep/zu 06/17 PredICted Vs ObSI SOIar Wlnd Speed

1)

-« AVSM —— ACE

z wf
=
2 w)
™
& aof
E
£ wf
= 1 1 il 1 L '
ﬁ 06/20 06/23 06/26 0629 07/02 07/05 07/08 711 0714
P Date (2010)
o 0 e u‘:mwmd' 20 360 Created 2016 June 29 2008 UTC
W
2099 Carrington Rotation Number 2098
Coronal Field Map (21.5Rs) =™ . .
07/11 e7/08 07/05 e7/02 06/29 06/26 06/23 06/20 86/17 PredICted vs Obs' IMF POIarlty

. AVSM _ ACE

E wl
® 05}
-
_1:3 00
'
E 05
g -1.0
& 5
% ®mD  wm  6m 0w on om on o
Date (2010)
"“ Created 2016 June 29 1959 UTC
Carrington Longitude
2099 Carrington Rotation Number 2098
Derived Coronal Holes STEREO A&B - SDO/AIA (EUV)

07/11 67/68 07/05 07/62 06/29 06/26 06/23 06/20 06/17

SﬁOE

. o 180
Carrington Longitude

Carrington Longitude

2099 Carrington Rotation Number 2098
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Summary

* Wang-Sheeley-Arge (WSA) model - combined empirical and
physics based model of the corona and solar wind.

* Improved version of the original Wang & Sheeley model
originally developed at NRL.

* Operational at NOAA/NCEP & available for runs on demand at
NASA/CCMC.

 ADAPT: data assimilative, photospheric magnetic field flux
transport model.

* Provides synchronic (*“i.e., instantaneous snapshots”) of the Sun’s

global magnetic field as input for coronal, solar wind, F10.7, and
EUV models.



